The object of this study is to characterize the microstructural evolution in advanced ferritic steel for power plant during long-term isothermal ageing by measuring the reversible permeability. Ageing was observed to coarsen the tempered carbide (Cr 23 C 6 ), generate the Laves (Fe 2 W) phase, and reduce the mechanical strength. The dynamic coercivity decreased monotonously during isothermal ageing. The decrease in coercivity physically depends on the domain wall movement, related with the domain wall pinning by nonmagnetic particles and the dislocations. The experimental results show that the dynamic coercivity is very sensitive to the damage accumulations due to isothermal ageing of advanced ferritic steel.
Introduction
Advanced ferritic steels are usually based on tempered martensite and their high temperature strength is sustained by precipitation hardening of MX carbides or carbonitrides as well as by solid solution hardening of Mo, V, Nb, W and Ti. Previously extensive studies have shown two types of dominant carbides in as-tempered state, MC and M 23 C 6 , in high Cr ferritic steels. [1] [2] [3] [4] [5] The M 23 C 6 carbides are present as Cr rich carbide (Cr 23 C 6 ) and all of the others are the Nb/V rich carbide (NbC/VC). Recently, the Laves (Fe 2 W, Fe 2 Mo) phases have drawn a growing interest as strengthener to improve the creep resistance of the steels. 6, 7) Even though these high strength steels have been widely used for turbine rotor in power plants, material degradation is obviously known to occur due to their continuous exposure to high temperatures (e.g., thermal ageing and creep). Therefore, the characterization of damage mechanism is crucial for accessing the life and structural integrity of the components.
The objective of this work is to evaluate the microstructural changes in advanced ferritic steel due to long-term isothermal ageing, using metallurgical techniques, and also to measure the reversible permeability using applicable nondestructive evaluation technique. The influence of the microstructural features on the reversible permeability is also investigated.
Experimental Procedure
The ferritic 12Cr steel was fabricated by the vacuum induction melting process, and subsequently forged at 1100 C. The forged specimens were tempered at 700 C after normalizing at 1100 C. The chemical composition is shown in Table 1 . The specimens were aged at 650 C for up to 8000 h. Microstructural observation was performed using scanning electron microscope (SEM) after etching with Vilella's reagent. The thin film specimen was carefully prepared by the twin jet polishing. The lath was observed using transmission electron microscope (TEM). In addition, the structure and composition of precipitates were identified by energy dispersive spectroscopy (EDS) and selected area diffraction (SAD) pattern after preparing thin film by carbon replication technique. X-ray diffraction (XRD) patterns of electrolitically extracted residues were analyzed using a high resolution X-ray diffractometer (Cu K radiation).
In order to measure the reversible permeability on the surface of specimens, a ferrite yoke was used as shown in experimental setup of Fig. 1. 8) The yoke was wound by pickup coils, an AC perturbing coils for modulating the magnetic field, and a DC magnetizing coils for magnetizing the specimens. The specimen with a plate shape of 30 mm length, 5 mm width, and 1 mm thickness was magnetized by a maximum magnetic field of 12 kA/m with a sinusoidal waveform of 0.05 Hz. A perturbation field was applied as a reference signal of 80 A/m at 40 Hz. The induced first harmonic voltage in the pick-up coil was obtained by a lockin amplifier using the voltage across a 1 shunt resistor. Figure 2 depicts the typical bright field TEM images, SAD pattern, and EDS analyses of the as-tempered and 8000 h aged specimens. The SAD patterns depict the primary precipitates of each specimen, that is, Cr 23 C 6 (h112i zone), (NbC) (h112i zone), and Fe 2 W (h001i zone). The EDS profiles indicate that the chemical composition of each precipitate consisting several dominant elements. The astempered specimen exhibited a tempered martensitic structure with a high dislocation density in the lath interior and fine secondary phases, which were clearly identified as (Nb,V)(C,N) and Cr 23 C 6 by TEM EDS and SADP analyses as shown in Fig. 2 . The dislocation density in the martensite lath interior decreased as indicated by arrow in Fig. 2 (b) and the lath width increased during the isothermal ageing process as shown in TEM bright field micrographs. The Laves (Fe 2 W) phases were observed to precipitate primarily around lath boundaries, and their volume fraction increased. The Laves phase grow faster than the Cr 23 C 6 carbides following the diffusion controlled coarsening phenomena, that is, so-called Ostwald ripening.
Results and Discussion
9) The coarsening rates of the Cr 23 C 6 carbide and Fe 2 W phases were calculated 1:25 Â 10 À28 m 3 s À1 and 6:84 Â 10 À28 m 3 s À1 , respectively. Figure 3 shows SEM micrographs showing precipitate on the martensite lath boundary in as-tempered and 6000 h aged specimen. The precipitate coarsening is already shown in TEM observation and the composition and crystal structure of precipitate analyzed precisely. The fine precipitates on the martensite lath boundaries and prior austenite grain (PAG) boundaries were observed to coarsen rapidly. The width of martensite lath also increased during long-term isothermal ageing.
The backscattered electron (BSE) image was used to distinguish between the Cr 23 C 6 and Fe 2 W phases, due to the atomic number contrast provided by the distinct yields of the BSE signals from the various phases. 10) Figure 4 (a) shows the BSE image of 2000 h aged specimen in the vicinity of prior austenite grain (PAG) boundary. As indicated by arrows, the precipitates could be readily distinguished between the gray Cr 23 C 6 and white Fe 2 W particles. Figure 4 (b) depicts the XRD profiles of the extracted residues at each aged specimen showing the phase identification of the precipitates. From the XRD profiles, it is found that the particles were only identified as M 23 C 6 and MX for the as-tempered specimen. In addition, the Fe 2 W phase (indexed by solid triangle) in XRD profile shows weak intensity at 1000 h ageing time, and then the peak intensity quite increased as the ageing time increase deducing the increase of volume fraction of Fe 2 W. Figure 5 depicts the typical reversible permeability profiles and position of maximum permeability as a function of ageing time in isothermally aged ferritic 12Cr steel. The position of maximum permeability in the relationship of permeability ( r ) versus applied field (H a ), corresponds to the dynamic coercivity of the specimen considering that the magnitude of modulation field (H o ) is negligible compared with H c (i.e., H o ( H c ).
8,11) Therefore, dynamic coercivity (i.e., the position of maximum reversible permeability) could be successfully obtained from the reversible permeability profile, and monotonously decreased as a function of ageing time as shown in Fig. 5(b) . Tensile strength also linearly decreased with ageing time, which means that the materials were mechanically and magnetically softened as well. The tensile strength shows well linear relationship with dynamic coercivity, which gives a wonderful potential to evaluate the materials degradation using reversible permeability measurement.
The dynamic coercivity was observed to decrease during isothermal ageing, but in the initial ageing time does not noticeable change. Physically, the magnetization process is closely related to domain wall movement, and the coercivity strongly depends on the degree of pinning of domain wall. 12, 13) Microstructural impurities, such as inclusion, dislocation and grain boundary may hinder the domain wall movement in ferromagnetic materials, which are potentials of pinning sites of domain wall. A dislocation, which is a typical lattice defect evolving local strain due to an atomic mismatch with the matrix, imparts a force on the domain wall, and thus, could be an effective obstacle to domain wall movement. In this study, the test materials are tempered martensite phase, consisted of dislocation tangles and lath martensite (high dislocation density, 10 12 cm À2 ). 4) The dislocation density was measured by the Hall-Williamson method. 14) As the ageing time increased, the dislocation density decreased steadily during the whole ageing time as shown in Fig. 6(a) , but in the initial ageing time dislocation density decreased little. 15) The dislocation density of as-tempered specimen is 2:1 Â 10 15 m 2 , and continuously decreases to 1:58 Â 10 15 m 2 for 8000 h ageing. As dislocation density decrease, the lattice stain might be also decrease, thus causing the coercivity to decrease during the whole ageing time.
Nonmagnetic particles are effective obstacles to domain wall movement, as they vary the area of the wall boundary. The decrease in wall energy due to the pinning phenomenon is related to the particle size and concentration. The mechanisms by which wall movement is impeded by inclusions are different by the relative size of inclusions compared to the wall thickness. 16) Inclusions, smaller than 1 mm, easily adhere to the wall, and thus, decrease in energy of the wall by the pinning phenomenon. Inclusions are most effective mechanism in pinning the domain wall when the size is equivalent to the domain wall thickness (e.g., 40 nm for iron). In this study, the mean size of precipitates is several hundred nano-meter and smaller than a few micro-meter. Therefore, precipitate could be an effective pinning site. The precipitate growth following the Ostwald ripening mechanism resulted in a decrease in concentration of precipitate as shown in Fig. 6(b) , and hence, decreased the number of pinning sites. As the ageing time increase, the precipitate are coarsening as shown in previous explains (see Fig. 2 and Fig. 3 ), but the number density decreased due to the Ostwald ripening. This means that the pinning sites (i.e., precipitates) decrease. Inclusions generally reduce the area of domain wall boundary following the Kersten theory (i.e., inclusion reduces the wall energy). 17) This theory yields the following relation for the coercivity.
where E is the domain-wall energy density, f is the volume fraction of inclusions, r is the radius of inclusions, and M s is the saturation magnetization. This equation shows that the coercivity is proportional to the volume fraction of inclusions. Physically, coercivity is related to the pinning force of magnetic domain wall and defined the maximum pinning force against domain wall movement in ferromagnetic materials. Therefore, as the number of precipitates decreased, the dynamic coercivity decreased. The dynamic coercivity in the initial ageing time does not change as shown in Fig. 5(b) . In this initial ageing, dislocation density decreased little, and moreover number density of precipitate does not noticeable decrease. As it is above mentioned, in the initial ageing time the pinning sites of domain wall changed little, and thus causing the dynamic coercivity did not any change.
Conclusions
In the present study, the microstructural evolution of advanced ferritic 12Cr steel for long-term isothermal ageing was characterized and interpreted in relation to the reversible permeability. The dynamic coercivity was obtained from the reversible permeability profiles, which is measured by the yoke type probe. Long-term ageing caused coarsening of the precipitate (i.e. Cr 23 C 6 , Fe 2 W), and also recovering dislocation resulting in mechanical softening. The decrease in dynamic coercivity with ageing time was clearly related to the decrease in the number of pinning sites, dislocation density and precipitate concentration. 
